In this paper, we put forth the idea of metaprism, a passive and non-reconfigurable metasurface acting as a metamirror with frequency-dependent reflecting properties within the signal bandwidth. We show that, with an appropriate design of the metaprism, it is possible to control that each data stream in an orthogonal frequency division multiplexing (OFDM) system is reflected in the desired direction without the need for control channels and channel state information (CSI) estimation between the base station and the metaprism, but simply by correctly assigning subcarriers to users. Furthermore, the metaprism can also be designed so that it focuses the signal towards a specific position depending on the subcarrier, provided that it is in the near-field, with consequent path-loss reduction. A critical discussion is also presented about the path-loss gain obtainable from metaprisms and, more generally, from metasurfaces. The numerical results show that this solution is surprisingly effective in extending the coverage in areas experiencing severe non line-of-sight (NLOS) channel conditions, thus making it a very appealing alternative to reconfigurable metasurfaces when low-cost, no energy consumption, and backward compatibility with existing wireless standards are required.
I. INTRODUCTION
The exponential growing in traffic demand in wireless networks has forced the exploitation of new frequency bands in the millimeter wave region and, more in perspective, at THz frequencies. In this paper, we introduce the novel idea of metaprism, a passive and non-reconfigurable metasurface that acts as a metamirror, whose reflecting properties are frequency-dependent within the signal bandwidth. A metaprism can be introduced in a scenario where users are in NLOS condition with respect to the BS in order to extend the covered area at low cost (see the scenario example in Fig. 1 ). Thanks to the metaprism, one can control the reflection of the signal through a proper selection of the subcarrier assigned to each user using a conventional OFDM signaling, without interacting with the metaprism and without the need for channel state information (CSI) estimation between the users and the metaprism. We show that, with an appropriate design of the frequency-dependent phase profile of the metaprism, a significant path-loss reduction can be obtained by steering/focusing the signal towards/on a specific position depending on the assigned subcarrier.
The design of frequency-selective surfaces (FSS) is not new: for instance, they are used in dual-band reflectarrays [38] , antenna covering surfaces, frequency-selective absorbers and, in general, to perform spectral filtering in both microwave and optical ranges through the design of metasurfaces with extremely dispersive reflection or transmission properties [10] . However, to the knowledge of the Authors, this is the first paper proposing and analyzing how to exploit frequency-selective properties of metasurfaces to improve the coverage of short-range wireless networks.
The numerical results corroborate the validity of the idea showing the significant performance improvement in wireless network coverage and achievable rate, making it a very appealing alternative to RISs. In particular, the main advantages of a metaprism with respect to a RIS or a relay are:
• It is completely passive and hence it does not require any power supply;
• There is no need neither for control channel nor for CSI estimation of each link;
• It does not introduce any reconfiguration delay as reflection properties depend on the impinging signal (subcarrier);
• It is transparent to the communication technology, i.e., it can be applied also to current wireless standards based on OFDM to enhance the coverage;
• Being less complex and completely passive, it is expected to facilitate its widespread diffusion and reduce costs.
Like RISs, metaprisms are intrinsically full-duplex and introduce zero-latency.
The remainder of this paper is organized as follows. In Section II, the frequency-dependent modeling of metasurface behavior is introduced. The OFDM wireless link aided by metaprisms is characterized in Section III, whereas in Sections IV and V, the design criteria of phase profiles for the metaprism to realize, respectively, frequency-dependent beamsteering and focusing are elaborated. Some considerations about the validity of path-loss models when using metaprisms or, more in general, RISs are given in Section VI. An example of algorithm to assign subcarriers in a multi-user scenario in order to equalize and maximize the per-user achievable rate is proposed in Section VII. Numerical results and discussions are presented in Section VIII. Finally, conclusions are drawn in Section IX.
II. FREQUENCY-SELECTIVE MODELS FOR METASURFACES

A. General Model
With reference to x and y directions, are often much smaller than the wavelength λ, typically d x , d y ≈ λ/2 − λ/10
[9], [11] .
There are several technologies to realize a metasurface each of them obeys to a specific model.
A rough classification can be done between metasurfaces whose cells can be seen as small radiating elements with tunable load impedance [20] , [39] - [41] , i.e., using volumetric metamaterials with several wavelength thick, and subwavelength metasurfaces producing a modification of the e.m. field which can be modeled as an impedance sheet [10] , [16] , [42] - [44] .
For the first class, a quite general equivalent model of the single nmth cell of the metasurface is shown in Fig. 2(a) , which consists of a radiation element (antenna) above a ground screen loaded with a cell-dependent impedance Z nm ( f ). The impedance is designed in such a way it is not matched to the antenna impedance Z 0 , thus determining a reflected wave which is irradiated back by the radiation element. The corresponding frequency-dependent reflection coefficient in the presence of an incident plane wave with 2D angle Θ i = (θ i , φ i ) and observed at angle Θ = (θ, φ) is 1 [39] , [40] 
where F(Θ) is the normalized power radiation pattern that accounts for possible non-isotropic behavior of the radiation element, which we consider, as first approximation, frequency-independent within the bandwidth of interest, G c is the boresight antenna gain, Γ nm ( f ) is the load reflection coefficient, β nm (Θ i , Θ; f ) is the reflection amplitude and Ψ nm ( f ) is the reflection phase. 2 For instance, in [40] the following parametric shape for F(Θ) is proposed
Parameter q depends on the specific technology adopted as well as on the dimension of the cell and it is related to the boresight gain G c = 2 (q + 1). Following a similar approach as in [40] , one possibility is to set G c so that the effective area of the cell is equal to the area of the cell A c = d x d y , i.e., G c = A c 4π/λ 2 , assuming an ideal radiation efficiency. Considering a cell with d x = d y = λ/2, it follows that G c = π 5 dBi, and q = 0.57. A similar model is presented in [39] with q = 3. The load reflection coefficient is given by
By properly designing the impedance Z nm ( f ) at each cell it is possible to realize different reflecting behaviors of the metasurface as it will be illustrated in the next section.
Examples related to the second class of metasurfaces consisting in a very thin surface can be found, for instance, in [10] , [15] , [16] , [18] , [19] , [42] - [44] . Specifically, if one imposes that the metasurface acts as a reflector with no transmission (metamirror), the boundary conditions on the surface, necessary to satisfy the Maxwell's equations, require the presence of electric and magnetic currents. Electrically and magnetically polarizable metasurfaces with thickness much less than the wavelength λ can be composed by small orthogonal electric and magnetic dipoles tangential to the surface, thus realizing a dense set of Huygens sources (meta-atoms).
For example, each meta-atom can be realized using a omega-shaped particle as shown in Fig. 2(b) [18] .
According to the specific technology employed, the position-dependent impedance of the surface (impedance sheet) can be designed to obtain the desired reflection coefficient in the 2 A more rigorous model should also account for the signal reflected back by the antenna according to its structural radar cross section (RCS) component [45] .
form as in the right hand side of (1) . Examples on how impedance characteristic is related to the surface's impedance can be found in [18] . It has been demonstrated that using local passive loss-less surfaces there is always a power loss during the reflection. Instead, no power loss is possible by allowing the surface to be locally non-passive even though globally passive, i.e., allowing periodical flow of power into the metasurface structure and back [16] , [18] , [44] .
Regardless the specific technology adopted, as it will be clearer later, in general we aim to design the metasurface such that the reflection phase shift could be put, at least as first approximation, in the following form
for f within the signal bandwidth, where α nm is a cell-dependent coefficient and γ( f ) is a (possibly present) frequency-dependent phase shift. In particular, γ( f ) represents a common (among cells) phase offset which is irrelevant to beamsteering and focusing operations. For this reason in the remaining text we will neglect it. According to the desired reflection behavior, the reference frequency f r can be chosen either equal to the signal center frequency f 0 or equal to the lowest frequency edge of the signal band.
As it will be evident in the next section, the reflection characteristics of a metasurface designed with the phase profile (4) depend on the frequency; for this reason we name it metaprism.
B. Design Example
We illustrate an example of how the phase response (4) can be obtained starting from the equivalent model in Fig. 2 (a) described by (1), (2), and (3). We consider a purely reactive impedance Z nm ( f ) = X nm ( f ) and a purely resistive antenna impedance Z 0 = R 0 . The phase profile is
Suppose the reactive impedance consists of a resonating series LC circuit [10] , [11] , [20] , [38] , [43] , [44] , with cell-dependent inductive and capacitive values L nm and C nm , respectively.
The corresponding impedance is
where L nm and C nm are chosen to satisfy (2π √ L nm C nm ) −1 = f r .
To obtain the form in (4), it is convenient to derive the first-order Taylor series expression in f for the reflection coefficient phase with respect to the reference frequency f r . In particular, for the LC load it results
From (7) it is possible to obtain the desired coefficient α nm = −8πL nm /R 0 in (4) by properly designing L nm and C nm in each cell.
C. Reflections from the Environment
A location in NLOS channel condition might still be covered without introducing metaprisms if a sufficient signal-to-noise ratio (SNR) is obtained from the signal scattered by the surrounding walls (e.g., buildings). Therefore, for a fair comparison between the performance achieved with and without metaprisms, it is important to consider also the signals scattered by walls. To this purpose, in this section we summarize the common models used to describe the scattering process in typical rough surfaces like walls.
As reference, we consider a typical scattering process which can be modeled as the superimposition of a specular component obeying the Snell's law and a diffuse scattering component.
The latter can be further modeled according to the widely-used Lambertian model [46] , [47] .
For convenience, we discretize the wall in the same way as the metaprism, with small areas A c (cells) at positions p nm , with n = 1, 2, . . . N w − 1 and m = 1, 2, . . . M w − 1. 3 The Lambertian model can be equivalently described in terms of reflection coefficients of each cell, in the presence of an incident plane wave with 2D angle Θ i and observed at angle Θ, as follows
where
is the Fresnel reflection coefficient, R is the reflection reduction factor, and S is the scattering coefficient. In is determined so that the signal reflected by all cells sum up coherently towards angle Θ when analyzing the scattering coefficient in that direction, i.e.,
where Ψ 0 is a common phase offset and, for convenience, we have defined the quantities u x (Θ) = sin(θ) cos(φ) and u y (Θ) = sin(θ) sin(φ).
The Fresnel reflection coefficient Γ(θ i ) can be found in many text books as a function of the refraction coefficient of the medium n and the incident angle θ i . For instance, for the transverse
where n 2 = r − j r tan δ, with r being the relative dielectric constant, and tan δ being the loss tangent. For what the reflection reduction factor R is regarded, it can be derived by applying the theory of scattering from rough surfaces as a function of the standard deviation of surface roughness [49] . Alternatively, one could obtain R and S from scattered field measurements [47] .
D. Near-field and Far-field Regions
For further convenience, it is worth to define the Fraunhofer and Fresnel distances [45] 
where D = max(L x , L y ) is the antenna diameter. At distance d > d Fraunhofer between the surface and the TX/RX antennas, the system is operating in the far-field region and only beamsteering is possible with antenna arrays or metasurfaces. Instead when d < d Fraunhofer , the system is operating in the near-field region 4 and focusing is possible [23] . In Fig. 3 , d Fraunhofer and d Fresnel are shown as a function of antenna diameter D for two different frequency bands. As it can be noticed, when operating at millimeter waves, the far-field assumption becomes no longer valid also at distances of dozen of meters for relative small antennas/surfaces. Therefore, design approaches based on this assumption should be revisited as done in this paper.
III. SYSTEM MODEL
A. Scenario Considered
We consider a downlink OFDM-based wireless system where a BS serves U users located in NLOS condition with respect to it, as illustrated in Fig. 1 . The communication between the BS and the generic user might be possible in some locations thanks to the specular and diffuse scattering of the signal from the portion of the wall illuminated by the transmitted signal. Nevertheless, the communication performance can be significantly enhanced by deploying a frequency-selective metasurface, i.e., a metaprism, as it will be evident in the numerical results.
We assume the BS is in LOS condition and in the far-field region with respect to the surface (metaprism or wall). Moreover, we consider all users are located in LOS condition with respect to the surface but they could be in near-or far-field region depending on their distance from the surface.
In a conventional OFDM system, the total bandwidth W is equally divided into K ≥ U orthogonal subcarriers with subcarrier spacing ∆ f = W/K. The frequency of the kth subcarrier
where f 0 denotes the central frequency. 4 Here we are considering the radiating near-field region. The reactive near-field component becomes significant at distances typically less than d Fresnel [45] .
To each user u, with u ∈ {1, 2, . . . U}, a specific subcarrier k = A(u) is one-to-one assigned according to some policy, as it will specified in Sec.VII, where A(u) is the assignment function and A −1 (k) is its inverse. The case where a user requires more subcarriers (higher traffic) can be easily managed by grouping different subcarriers into a single resource block.
Given user u, denote with x (k) ∈ C, with E x (k) 2 = 1 and k = A(u), its information symbol transmitted at the generic OFDM frame. 5 The total transmit power P T is allocated differently among subcarriers (and hence users) by multiplying the corresponding transmitted symbols by the weights ω (k) , k = 1, 2, . . . , K, which account for the relative power assigned to each subcarrier under the constrain k ω (k)
Consider the impinging plane wave emitted by the transmit BS located in position p BS with
, with respect to the normal direction of the metaprism, and
When the relative bandwidth satisfies W/ f 0 1, the (complex) channel gain between the transmitter and the nmth cell of the metaprism for the kth subcarrier is
where G T is the transmit antenna gain, and λ = c/ f 0 , with c being the speed of light.
In far-field condition, (12) can be well approximated as
The exponential argument accounts for the phase shift with respect to the metaprism center p 0 .
Similarly, the channel gain from the nmth cell to the receiver located in position p = (x, y, z)
where G R is the receive antenna gain. In the far-field region, the previous expression can be approximated as
where Θ = (θ, φ) is the angle corresponding to position p, and g 0 = √ G R λ 4π exp −  2π λ |p| . By combining the previous expressions, the received signal at the k-th subcarrier is given by
where n (k) is the thermal noise modeled as a zero-mean complex circular symmetric Gaussian random variable (RV) with variance σ 2 n , and r (k)
is the surface reflection coefficient at frequency f k given by (1) . The phase shift and gain undertaken by the kth subcarrier from the nmth cell are, respectively,
It is worth to notice that the detection of x (k) requires only the estimation of the global channel coefficient c (k) (p BS , p), i.e., the end-to-end CSI, which includes the BS-metaprism and metaprism-user channels. Instead, with a RIS one has to estimate them singularly thus making the CSI a challenging task.
IV. SUBCARRIER-DEPENDENT BEAMSTEERING
In this section, we investigate how, through a proper design of the metaprism coefficients α nm in (4), it is possible to perform subcarrier-dependent beamsteering. This requires that both the transmitter and the receiver are in the LOS far-field region with respect to the metaprism. We consider the particular but significant case where β (k) nm (Θ i , Θ) = β (k) 0 (Θ i , Θ), ∀n, m, so that using the approximations (13) and (15), equation (16) can be written as
For instance, supposing a perfect specular reflector, i.e., Ψ (k) nm = π, β (k) 0 (Θ i , Θ) = 1, ∀n, m, and φ i = φ = 0, the maximum channel gain is obtained when θ = −θ i (Snell's law). 6 From (18), the 6 To lighten the treatment, sometimes we take the liberty of derogating from the conventional spherical coordinate system by allowing θ ranging in [−π/2, π/2) and φ ∈ [0, π). signal received by a user located at angle θ = −θ i simplifies to
More in general, to point the beam towards a target direction Θ (k)
for the kth subcarrier, the phase profile should be designed such that
so that all phasors in (18) sum up coherently towards the direction Θ (k) 0 . Note that one could see the system transmitter+metaprism as an equivalent planar antenna array (reflectenna) whose frequency-dependent array factor is
having β (k) 0 (Θ i , Θ) as single-element antenna pattern. Consider now the reflecting metaprism has been designed such that the following frequencydependent phase profile (beamsteering phase profile) holds
by setting f r = f 0 in (4), with a 0 and b 0 being properly chosen constants.
By equating (22) and (20) it is
from which we can determine the reflection direction Θ (k) 0 as a function of the subcarrier k
which can be arranged as 
A. Design Example
Suppose one wants the metaprism reflects an impinging signal, with incident angle
in the x − z plane dependently on the subcarrier index k. 
With this choice of a 0 and b 0 , from (24) we obtain
The extreme case when k = 1 (lowest subcarrier) gives sin θ (1)
As result, each subcarrier is reflected according to a different angle in the range θ (K) 0 , θ (1) 0 , thus creating the "prism" behavior.
A numerical example is provided in Fig. 4(a) , where the equivalent array factor given by (21) , normalized with respect to N × M, is shown for each subcarrier. Coefficients a 0 and b 0 have been computed using (26) with the following parameters: θ i = 45 • , φ i = 0 • , θ m = 40 • , λ W = 10 6 and K = 256. It can be easily verified that the main lobe of the radiation pattern shifts from
when the subcarrier index ranges from 1 to K. Another example is given in Fig. 4 
V. SUBCARRIER-DEPENDENT FOCUSING
In the following, we suppose the receiver is in the near-field region with respect to the metaprism whereas the BS is still in the far-field. Supposing an incident signal with AOA Θ i , if one wants to focus the signal on position p, with angle Θ (k) 0 and distance d (k) F = |p| so that d Fresnel < d (k) F < d Fraunhofer , all components in (16) must sum up coherently at that position. Considering the following approximation |p − p nm | |p|, which holds when the receiver is not too close to the metaprism, this corresponds to designing the metaprism with the following phase profile for the kth subcarrier (Fresnel approximation) [23] 
Note that now in (16) , the exact expression (14) should be used instead of (15) .
It is convenient to choose f r = f 1 in (4) so that d (k) F > 0, ∀k. It follows from (4) and (28) that
from which one can determine the focal distance obtained at each frequency
as a function of parameter a F , whereas a 0 and b 0 can be designed according to the criteria given in the previous section once the target direction Θ (k) 0 is fixed.
A. Design Example
For instance, parameter a F could be designed so that, given a minimum desired focal distance
When moving to lower subcarrier indexes the focal distance will increase to infinity (when k = 1). It is worth to notice that the phase profile in (29) degenerates to that of beamsteering in (20) (with f 1 instead of f 0 ) when approaching the far-field region, i.e., when d (k) F ≈ d Fraunhofer , or entering the far-field region. This means that when increasing the focal distance it is no longer possible to discriminate distances but only angles. Focusing can be helpful when one is interested in discriminating users located at different distances but with similar angles as happens in mono-dimensional scenarios such as along corridors or streets. An example will be presented in the numerical results.
VI. SOME CONSIDERATIONS ABOUT PATH-LOSS USING METASURFACES
To compute the link-budget using metaprisms and, in general, metasurfaces in RISs, it is important to understand how the total path-loss depends on system parameters, in particular on metasurface dimensions and characteristics. This topic has received some attention in recent literature regarding RIS-enabled wireless networks [26] , [39] , [40] , [50] . However, in many cases the validity range of the models obtained are not properly investigated.
In general, for a given metaprism design, the path-loss for subcarrier k can be computed from (1) and (16) 
The path-loss can be minimized by properly designing the amplitude and phase profiles of Γ nm ( f ) under the constraint that |Γ nm ( f )| ≤ 1 since the metaprism is supposed to be passive.
In the particular but significant case where |Γ nm ( f )| = 1, |p BS − p nm| | |p BS |, |p − p nm| | |p| (amplitude approximation, i.e., transmitter and receiver not too close to the metaprism) and the phase profile Ψ nm (k) of the metaprism is designed to perfectly compensate the phase distortion introduced by the channel, i.e.,
eq. (32) simplifies as which was obtained also by other authors [39] , [40] , [50] under far-field conditions for RISs.
Actually, the path-loss in (34) is valid also in near-field conditions provided the perfect phase More favorable path-loss values can be obtained if one considers the focusing phase profile (28) .
Approaching the Fresnel distance d Fresnel < 50 cm, also focusing using (28) becomes inaccurate and one has to consider the exact phase profile in (33) , but near-field reactive effects will also emerge which make the analysis impossible without resorting to dedicated modeling at e.m.
level. From Fig. 5(b) , it is also evident that the distance approximation is in general accurate even at very short distances (magenta and green curves are almost overlapped).
Second, expression (34) , but also the general expression (32) , assume implicitly that the whole metaprism is illuminated by the transmitted signal (for reciprocity, the same arguments hold also for the receiver). This could not be true because of shadowing caused by the obstacle (for instance, in Fig. 1 if one extended the metaprism towards the NLOS area, part of the metaprism would not be illuminated by the BS). Even in LOS condition, only part of the metaprism will be illuminated if the transmitter (receiver) is close to the metaprism and/or its antenna has a large gain. In fact, the higher is the antenna gain, the narrower is the illuminating beam.
Third, in the presence of large metaprisms in relation to the distance, polarization mismatch could play an important role. Even if the transmit/receive antenna and cell elements are designed and deployed with the same polarization (e.g., vertical), when one of the antennas is located at a distance of the same order of magnitude as the metaprism's size, the cells at the edge of the metaprism might not be aligned with the impinging wave, thus generating a polarization mismatch which is not accounted for by (32) . A detailed analysis of the path-loss and the coupling modes when using LIS antennas can be found in [25] .
Before moving to the next section, it may be interesting to observe that when Θ i = Θ = (0, 0),
is nothing else than the radar equation in case of a perfect metal square plate with area (34) gives the well-known radar equation [45] . At different angles, the equivalent directional RCS of the metaprism is ρ(Θ i , Θ) = 4π A 2 F(Θ i ) F(Θ)/λ 2 (assuming the perfect phase profile (33)), where the radiation pattern F(Θ) accounts also for the fact that the effective area of the metaprism reduces when illuminated/observed at different angles. Summarizing, with an ideal design of the phase profile, the metaprism acts approximatively as a perfect metal plate reflecting at the location of interest, while with a different design one has to be careful when using (34) .
VII. ACHIEVABLE RATE
In the considered network shown in Fig. 1 , where U users are served by one BS, the achievable data rate (bit/s/Hz) at user u is given by
being
where A(u) gives the subcarrier index assigned to user u and p u is the position of user u. We assume c (A(u)) (p BS , p u ) is perfectly estimated at the receiver (perfect total CSI).
During the initial access, or periodically, each user in turn transmits a series of pilot symbols on all subcarriers and the BS estimates the corresponding SNRs. Denote with SN R(u, k), u = 1, 2, . . . U, k = 1, 2, . . . K, the SNR measured by the BS on subcarrier k when user u was accessing. The problem is how to assign subcarriers to the U users and how to determine the weights ω (k) , k = 1, 2, . . . K, such that the per-user or network achievable rate is maximized.
The general optimization appears prohibitive from the complexity point of view and it is out of the scope of this paper. To obtain numerical results, we consider the sub-optimal assignment Algorithm 1, which aims at assigning subcarriers and weights such that all users experience the same achievable rate. Other optimization strategies are possible depending on application requirements, which can be the topic of future works.
VIII. NUMERICAL RESULTS
In the following, we corroborate the proposed metaprism idea with some numerical examples.
The scenario considered is that illustrated in Fig. 1 , where a transmitting BS is located at position p BS = (14.21, h, 14.21) meters, corresponding to a distance d = 20 meters from the metaprism and angle Θ i = (45 • , 0). We suppose the BS, the metaprism and the users are approximatively at the same height so that, without loss of generality, we set h = 0 (2D scenario).
If not otherwise specified, the following parameters have been used for the transmitter and [51] , and scattering parameters S 2 = 0.1 (scattering coefficient), R 2 = 0.9 (reduction factor) [52] .
All locations on the left-side of the scenario are in NLOS conditions because the signal from the BS is obstructed by the upper-side building. As a consequence, the only possibility users located in that area have to communicate with the BS is through specular/diffuse scattering from the wall and/or through the metaprism, when present.
In Fig. 6 , the SNR map obtained computing (36) The impact of the metaprism on the SNR map can be appreciated in Fig. 7 . The phase profile of the metaprism has been designed according to the criterium illustrated in Sec. IV-A (beamsteering) by setting θ m = 40 • (note that θ i = 45 • ). The map is shown for some values of subcarrier index k corresponding to different colors, as indicated. The frequency-selective behavior of the metaprism allows to cover a wide range of angles in θ (1) 0 = −25 • , θ (K) 0 = −85 • , corresponding to the "prism effect". This effect can be better exploited by the BS by assigning to the generic user located at angle θ 0 the subcarrier at which the metaprism reflects the signal towards θ 0 . The corresponding SNR values are in general much higher than that obtained by exploiting only the reflections from the wall (see Fig. 6 ).
In Fig. 8 , the SNR map is shown when the criterium in Sec. V (focusing) is used to design the phase profile of the metaprism by fixing the minimum focal distance d m = 2 meters, and θ m = 5 • .
The map is shown for some values of subcarrier index k corresponding to different colors. Differently from Fig. 7 , here it is evident that for each subcarrier the signal is more concentrated at a spefic location (focal distance), especially close to the metaprism. When moving from k = K down to k = 1, the focusing distance increases from d m to very large values, thus degenerating in beamsteering with angle θ 0 = −θ i −45 • .
We now investigate the impact of metaprism in terms of achievable rate (35) supposing U users are randomly located in the NLOS square area x ∈ [−15, −5] meters, z ∈ [2, 10] meters. The subcarrier assignment algorithm described in Sec. VII is used. The plots in Fig. 9 refer to the per-user achievable rate when increasing the number U of total users in the area when different metaprism sizes L x = L y = L are considered. As expected, when increasing the size of the metaprism the achievable rate increases thanks to the more favorable path-loss.
In the absence of metaprism (wall), only the small percentage of users fall within the small area corresponding to the specular reflection from the wall (at angle θ 0 = −45 • ) or where the diffuse component is significant (see Fig. 6 ). Most of users experience a bad SNR condition.
Therefore, when increasing the number of users, the total available transmitted power is no longer sufficient to guarantee the same achievable rate to all users with a significant level. A way out is to change the allocation policy by satisfying only the few users in good SNR condition and discarding all the others. In any case, the coverage of the system is in general very low. On the contrary, when introducing the metaprism, the performance improvement is very significant, at least a factor 5 with respect to the absence of the metaprism (only wall), even using metaprisms with reasonable dimension (e.g., L = 50 cm). The decreasing behavior of the plots is due to the fact that when increasing the number of users the total transmitted power is shared among more users included those experiencing bad SNR conditions which require more power (higher weight ω (k) ) to counteract their SNR penalty (the policy in Sec. VII imposes all users have the same achievable rate). Beyond a certain value of U, depending on the size of the metaprism, the per-user achievable rate drops to zero because the users in bad SNR condition drain all the available power and hence it is no longer possible to guarantee the same achievable rate at a reasonable level. As before, by discarding these disadvantaged users, one can maintain high values of achievable rate for the other users. In any case, the coverage obtained using the metaprism is significantly increased, as it can be deduced from the SNR map in Fig. 7 . Achievable rate (bits/s/Hz) L=25 cm L=50 cm L=100 cm L=25 cm (wall) L=50 cm (wall) L=100 cm (wall) Fig. 9 . Per-user achievable rate vs number of users for different metaprism sizes.
When moving from a metaprism with dimension L = 50 cm to a metaprism with dimension L = 100 cm, an interesting phenomenon can be observed. First, there is a slightly decreasing of the achievable rate and the curve dropping happens at lower values of U. This can be ascribed to the fact that by increasing the dimension of the metaprism, the corresponding power radiation patterns become more and more angle-selective. Then, the main lobes of the radiation patterns related to two adjacent subcarriers tend to be less overlapped thus creating an angle gap between them which is not covered by the metaprism. All users with angles falling in these gaps experience low SNR values. This problem can be overcome by increasing the number K of subcarriers or decreasing the total bandwidth W. Again, different subcarrier assignment policies would bring to different behaviors.
Finally, we analyze the performance of focusing strategies when applied to a mono-dimensional scenario. In particular, we suppose the BS is located at 20 meters from the metaprism with angle Achievable rate (bits/s/Hz) L=50 cm (focusing) L=100 cm (focusing) L=50 cm (beamsteering) L=100 cm (beamsteering) L=50 cm (wall) L=100 cm (wall) Fig. 10 . Per-user achievable rate vs number of users for different metaprism sizes. Mono-dimensional scenario.
algorithm. The following parameters have been used during the design d m = 2 meters, θ m = 0 • .
From the plots in Fig. 10 , it can be observed that by designing the metaprism to perform focusing there is a valuable performance improvement of 30-50% with respect to a design based on beamsteering. The motivation is that within this distance range the users are located in the Fresnel region (near-field) (see Fig. 3 ), and hence they experience a path-loss advantage because of better signal concentration on user position (see Fig. 5(b) ) if the metaprism is designed to realize focusing.
IX. CONCLUSION
In this paper, we have put forth the idea of metaprism, a metasurface designed with a frequency-dependent phase profile such that its reflection properties are dependent on the subcarrier index when illuminated by an OFDM-like signal.
Unlike RISs, metaprisms are full passive (no energy supply needed) and they do not require a dedicated control channel to change their reflection properties, thus making them very appealing in all those situations where low cost, easy of deployment, and back compatibility with existing radio interfaces are required when extending the coverage of NLOS areas. Furthermore, they can work without the need for estimating the CSI of both BS-metasurface and metasurface-receiver links, which is one of the main current challenges of RISs.
We have provided design criteria for the phase profile of the metasprism to obtain subcarrierdependent beamsteering and focusing functionalities within the area of interest. In addition, we have proposed an example of low-complexity subcarrier assignment algorithm capable of guaranteeing all users the same achievable rate.
The numerical results have put in evidence the significant improvement, in terms of coverage and achievable rate, which can be obtained using metaprisms, with respect to the situation where radio coverage is delegated to the natural specular and diffuse reflection from walls. In particular, the examples provided show an achievable rate increase of a factor of 5 and more, even using relative small-size metaprisms (50 cm). We have also pointed out that, when operating at high frequencies (e.g., millimeter waves and beyond), the near-field region of the e.m. field is likely to extend to dozens meters from the metaprism, making classical beamsteering-based design less efficient than focusing-based design.
Future works will be devoted to the investigation of more complex networks including several BSs to evaluate the advantages of metaprisms in terms of interference reduction. Another area of research could be related to the design of metasurfaces technologies tailored to the frequencydependent characteristics introduced in this paper.
